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S-element Insertions Are Associated
with the Evolution of the Hsp70 Genes
in Drosophila melanogaster
gaster. Our results suggest that this TE insertion is ad-
vantageous to the host.
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United Kingdom from a natural population of D. melanogaster (Beltsville,
MD, USA), it consistently produced a signal at band 87C
of chromosome 3 [9]. A restriction map of the cDm2156
insert failed to reveal any known TEs [10]. To investigateSummary
the nature of the sequences responsible for the signal
at 87C, cDm2156 was digested with BamHI and HindIII.The “selfish DNA” theory postulates that transposable
All restriction fragments corresponding to the genomicelements (TEs) are intragenomic parasites, and that
insert were subcloned separately. Only one of them, anatural selection against deleterious effects associ-
4.7-Kb HindIII-BamHI fragment, hybridized to 87C. Theated with their presence is the main force preventing
nucleotide sequence of this segment of DNA was ob-their genomic spread in natural populations [1, 2]. In
tained. Analyses of homologies with entries from theagreement with this model, TEs in Drosophila melano-
DNA and protein sequence databases at the Nationalgaster populations are usually found at low frequen-
Center for Biotechnology Information (NCBI) revealedcies in most genomic locations [3]. Only a few cases
that it consists of four different types of middle repetitiveof fixation of TE insertions have been reported, usually
DNA: a 2367-bp fragment of the Stalker retrotranspos-in regions of low recombination, where selection is
able element, a 979-bp fragment of an S-element, aexpected to be less effective [3]. Here, we report a
417-bp sequence homologous to the  repeat element,population genetics study on the apparent fixation of
and a 1010-bp fragment that shows homology with thean S-element in a highly recombining region in two
micropia element polyprotein (see the Supplementarynatural populations of D. melanogaster. Three similar
Material available with this article online).fragments of an S-element are inserted into the 5
Probes for these sequences were tested on chromo-regions of three members of a heat shock gene family,
somes from the Beltsville population. Only those spe-Hsp70 (Hsp70Aa and Hsp70Ab in polytene chromo-
cific for the  fragment and the S-element hybridized tosome band 87A, and Hsp70Bb in 87C). A PCR-based
87C. The  fragment is a repeat unit that is combinedanalysis suggests that the insertions are fixed or at
with two other such units ( and ) to form the  or high frequencies in the entire species. A population
heat shock sequences, found as sets of tandem repeatssurvey of the levels of nucleotide sequence variation
in this and some other chromosomal regions [11] (Figureat the insertion site in 87C in two natural populations
1A). The S-element is related to the mariner-Tc1 super-of D. melanogaster provided evidence for reduced lev-
family [12]. Complete copies of the element are aroundels of variation in the region, normal levels of recombi-
1736 bp long and consist of a transposase gene flankednation, and selection, reflected in a significant depar-
by two 228-bp inverted terminal repeats (IRs).ture from neutrality of the variant frequency spectrum.
A BLAST search in NCBI for genomic sequences ho-This was particularly strong for the S-element inverted
mologous to the S-element in cDm2156 yielded severalrepeats (IRs) and suggests that these are of functional
matches, which is consistent with the average of oversignificance for the host.
30 copies per genome estimated from in situ data [12].
One of these, an S-element inserted upstream from the
Results and Discussion heat shock gene Hsp70Bb, mapped to band 87C as
described previously [12]. The element-derived se-
While data from Drosophila support the selfish DNA quence includes 614 bp of the 3 end of the element
hypothesis [3], the possibility that TEs may sometimes (corresponding to the 3 end of the transposase gene
play an active role in the evolution of their hosts has and one long inverted repeat, IR-1; Figure 1A) plus one
recently attracted attention (reviewed in [4]). There are additional incomplete IR, IR-2. The BLAST search also
several such possibilities: involvement in the horizontal revealed a similar association between two additional
transmission of genetic material [5], in the evolution of S-element-derived sequences and two other Hsp70
eukaryotic enhancers [6], and in the coordination of the genes at 87A (Figure 1A). One corresponds to an incom-
expression of host genes [7]. Apart from some isolated plete IR inserted 190 bp upstream from Hsp70Aa, and
cases, however, such as the TART and HET-A elements the other is a full-length IR located 65 bp upstream of
that generate telomeres in Drosophila [8], there is little Hsp70Ab.
solid evidence for a major adaptive role for TEs in eu- The three insertions are also detectable in the D. mela-
karyotes. Here, we describe a study of a rare case of nogaster genome sequence (A.N. AE003696 and
apparent fixation of a TE in a chromosomal region with AC007668 for those at 87C, and AC007725 for those
high recombination in a natural population of D. melano- at 87A, Flybase, http://flybase.bio.indiana.edu; [13]). It
should be noted that we have found a fourth Hsp70
gene at 87C (Hsp70Bd, Figure 1A). This agrees with1Correspondence: xulio.maside@ed.ac.uk
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Figure 1. S-element Insertions and Hsp70 Genes at Chromosome Bands 87A and 87C in Drosophila melanogaster
(A) Organization of the Hsp70 genes and S-element insertions in chromosomal regions 87A and 87C in D. melanogaster (based on sequences
AC007668 for 87C, and AC007725 for 87A; Flybase, http://flybase.bio.indiana.edu). The diagonally dashed box represents the S-element
transposase gene, and the vertically and horizontally dashed boxes represent the S-element IRs (numbered from 1 to 4, arrow indicate their
orientation). Thick arrows represent the Hsp70 genes, including the Znc (dark) and Zc (light) elements [29]. The noncoding flanking DNA is in
black, and a 40 Kb sequence of tandem repeats of , , and  heat shock sequences is also indicated [11].
(B) Nucleotide polymorphism in the S-element insertion at 87C and flanking region. The horizontal numbers indicate the limits, in nucleotide
positions, of the different regions; numbering is done according to a consensus sequence from our data set. Nucleotides that are identical
to the first sequence are represented by a dot; dashed lines indicate the absence of nucleotides at a site that also has a nucleotide
polymorphism. Asterisks indicate replacement substitutions; double-headed arrows indicate sequence intervals where recombination events
have been detected. All but one nucleotide polymorphisms in the S-element sequence are derived (inferred from a comparison with other
S-element sequences retrieved from DGP [13]). Length variants (not shown) were only detected in the S-element-derived sequence and were
assigned as insertions or deletions by comparison with the sample of S-element insertions retrieved from DGP [13]. These are made up of
eight deletions: 86:107:5 (starting position:length in bp:frequency in the sample), 131:9:18, 254:4:2, 271:2:18, 356:1:18, 378:13:1, 470:4:1, and
479:2:1; and two insertions: 258:8:2, 309:7:1.
previous evidence [14], but the recent literature refers fact that many studies are based on two genomic clones
from 87C, 56H8 and 132E3 [16, 17], that do not includeto only three genes in that region [15]. Although we
cannot exclude the existence of variation in the size of the fourth copy.
To investigate the frequency of these S-element inser-the Hsp70 gene family, this discrepancy may reflect the
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Table 1. Nucleotide Polymorphism in the Region of the S-element Insertion at 87C
Sites Silent Nonsynonymous All Sites
N s ns Total S  W S  W S  W
All Sequences 18 1961.4 1397 3358 46 0.55 0.68 6 0.09 0.13 52 0.36 0.45
Zimbabwe 12 1963.4 1397 3360 34 0.55 0.57 4 0.06 0.10 38 0.35 0.38
Beltsville 6 2091.3 1397 3488 24 0.41 0.50 2 0.06 0.06 26 0.27 0.33
N: sample size, s: silent sites (noncoding plus synonymous sites), ns: nonsynonymous sites, S: segregating sites (excluding gaps), : average
pairwise nucleotide diversity per site, W: Waterson’s estimator of nucleotode diversity per site.
tions in D. melanogaster, four sets of specific PCR prim- not significantly different from random expectation, after
accounting for the relative sizes of each region.ers were designed and tested with genomic DNA from
6 isogenic lines made with chromosomes extracted from We applied Tajima’s, Fu and Li’s, and Fu’s tests [24–
26] to our data set, in order to examine departures fromthe Beltsville population [10], 33 D. melanogaster iso-
female lines collected in Zimbabwe, and 3 laboratory neutrality of the frequency spectra of the observed mu-
tations. The Fu statistic was significant for the Hsp70Bbstocks (see the Experimental Procedures). All sets of
primers amplified a DNA molecule of the expected gene, consistent with the action of purifying selection
(see above). Outside the Hsp70Bb gene, the Tajima’s Dlength in all samples (data not shown), and this is consis-
tent with the insertions being fixed or at high frequency and Fu and Li’s D* and F* tests detected a significant
excess of low frequency variants, specifically in the IRin the entire species.
The PCR analysis was negative when applied to geno- region; this was seen even in the African sample alone
for IR-1 (D  1.89, D* 2.32, and F*  2.50). Suchmic samples from five species of the melanogaster sub-
group: D. simulans, D. mauritiana, D. yakuba, D. teisseri, large departures from neutrality for loci in African popu-
lations are unprecedented [22], so this cannot simplyand D. orena. This suggests that these insertions only
occur in D. melanogaster and is in agreement with previ- be an effect of demography. In contrast, the frequency
spectra of variants in the flanking regions and in theous results [12].
To investigate the events that gave rise to this associa- remains of the transposase sequence do not depart
from neutral expectation (Table 2).tion between the S-element and the Hsp70 genes in
D. melanogaster, we surveyed the levels of nucleotide The possible events that gave rise to the three inser-
tions can be examined by comparing the genetic dis-polymorphism at 87C, in a 3499-bp region that includes
the element-derived sequence, 5 and 3 noncoding tances between the IR sequences present at each locus.
The S-element at 87C includes two IRs (IR-1 and IR-2),flanking regions, and the Znc and Zc elements of the
neighboring Hsp70Bb gene (Figure 1B). A total of 18 and those at 87A consist of one incomplete IR upstream
of Hsp70Aa (IR-3) and a full-length IR upstream ofalleles were randomly sampled from lines derived from
two natural populations, Beltsville and Zimbabwe. We Hsp70Ab (IR-4) (Figure 1A). For this analysis, we used
the sequences of the insertion at 87C obtained here anddetected 6 length and 56 nucleotide polymorphisms
(Figure 1B). The observed levels of silent nucleotide one sequence for each of the two insertions at 87A
retrieved from the Drosophila Genome Project (DGP)diversity (Table 1) are below average for autosomal loci
in D. melanogaster (African and non-African popula- (A.N. AC007725) [13].
The average number of nucleotide differences per sitetions), where  and  for synonymous sites are 1.5 	
0.18 and 1.6 	 0.19 (mean % 	 SE), respectively [18]. [27] between the IRs are given in Table 3. Values range
between 6.5 	 2.0 (for IR-1 versus IR-2; % SE) andReplacement polymorphisms are one-tenth as common
as silent ones (Table 1), indicating purifying selection 13.8	 3.6. Given that the S-element has not been found
in the sibling species of D. melanogaster (above), theon the Hsp70Bb protein sequence [19].
87C is in a chromosomal region with high recombina- ages of these insertions should not predate the specia-
tion event that generated D. melanogaster. The diver-tion [20]. Our estimate of the product of four times the
effective population size and the rate of recombination gence levels among them should thus not exceed the
silent-site divergence between D. melanogaster and D.between adjacent sites, CHud [21], is 0.0115. The ratio of
CHud/W is 2.5, well within the range for a set of 16 autoso- simulans. The largest observed divergence values
(13.8 	 3.6) are close to the mean silent-site divergencemal genes in regions of high recombination [22]. In addi-
tion, a haplotype analysis [23] detected a minimum of between these species [28]. Assuming that IR-1 and
IR-2 arose by duplication of the IR of a single insertionthree recombination events in our sample. This means
that different parts of the sequence may be evolving at 87C, and using the lower 95% confidence limit for
the divergence between IR-1 and IR-2, the age of thisindependently from each other. To investigate this, we
analyzed separately the patterns of silent variation in insertion cannot be less than about one-sixth of the
species divergence time, i.e., about 0.5 Myr.three distinct regions: the noncoding flanking sequences,
the S-element-derived sequences, and Hsp70Bb. Silent- If the presence of the S-elements is due to an invasion
following speciation, the maximum expected diver-site nucleotide diversity is higher in the flanking se-
quences (  0.94%) than in the TE or in the Hsp70Bb gence time between any two copies of the S-element
should also not be more than the melanogaster-sim-gene ( 0.49% and 0.46%, respectively). However, the
distribution of polymorphic sites among these regions is ulans divergence time. In agreement with this, pairwise
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Table 2. Neutrality Tests Conducted on Silent Polymorphism Data
Flanking S-element Sequence
Hsp70Bb Whole RegionF1 
 F2 Transposase IRs
Tajima’s D 0.60 n.s. 0.25 n.s. 1.95 * 0.75 n.s. 0.86 n.s.
Fu and Li’s D* 0.11 n.s. 0.21 n.s. 2.95 * 0.85 n.s. 1.28 n.s.
F* 0.10 n.s. 0.26 n.s. 3.09 * 0.84 n.s. 1.34 n.s.
Fu’s Fs 0.18 n.s. 0.42 n.s. 1.75 n.s. 3.82 * 3.11 n.s.
Statistical significance: * indicates p  0.05, ** indicates p  0.01, and *** indicates p  0.001.
comparisons between the 18 sequences of the insertion variability to have recovered by now, even if there had
been an initial selective sweep of the insertion [32].at 87C (transposase fragment plus IR-1) in our sample
and 16 other copies of the element from different geno- We cannot, therefore, come to any firm conclusion
about the causes of the initial spread of the insertionmic locations retrieved at random from the DGP revealed
that the overall mean divergence (% 	 SE) is 6.1 	 0.6, from the pattern of sequence variation alone. But, the
presence of selection on the S-element insertion intoand the maximum value is 13.6 (see the Supplementary
Material). Hsp70 is suggested by the excess of low-frequency
variants in the IRs of the element (Table 2). This effectA question of major interest concerns the causes of
the fixation of this genetic array in D. melanogaster. is not observed in the noncoding flanking DNA or in
the remains of the S-element transposase gene. ThisMolecular genetic studies suggest that a novel organiza-
tion of the Hsp70 family, with a change from two to suggests either the existence of ongoing purifying selec-
tion acting on variants in the IR regions or a recentat least three member genes at 87C, was fixed in D.
melanogaster sometime after its divergence from its substitution of a selectively favorable variant (a selective
sweep) [31, 32]. Given that the distortion is confined tosiblings [15, 29]. A possible explanation of the presence
of the S-element in three different locations associated the IR sequence, and not observed for the adjacent
transposase or flanking sequences, any selective sweepwith the heat shock genes is that a copy was present
by chance on the haplotype that created the new 87C. would have had to have occurred in the IR sequence
and cannot have had much effect on even closely linkedThe new haplotype could have been passively driven
to fixation either by genetic drift or by a selective sweep sites. While this is not impossible, the alternative possi-
bility of ongoing purifying selection on the IR sequencescaused by natural selection operating on a hypothetical
closely linked locus (or loci) [30]. Some time later, dupli- is more likely. In either case, the IR sequences must be
the target of selection. In addition, nine out of the tencations of IR-1 into 87A could have produced IR-3 and
IR-4, and a tandem duplication event of IR-1 then pro- length variants are in the transposase sequence (Figure
1B), suggesting that the IRs are under stronger selectiveduced IR-2. Alternatively, the S-element insertions, the
new organization of Hsp70 genes, and/or both could constraint. This is further supported by the fact that
fixed IRs are present upstream of Hsp70 genes in threehave conferred a fitness advantage to the carrier, strong
enough for natural selection to drive the whole structure different locations (Figure 1A), which is hard to explain
in the absence of positive selection for their presence.to fixation in the ancestral D. melanogaster population.
In both cases, an initial reduction in the levels of nucleo- Our data thus suggest that the IRs of S-elements in-
serted upstream of Hsp70 genes are actively subject totide variation across the whole region would be ex-
pected [31, 32]. But, we have obtained a lower limit of selection. There is evidence that TE insertions may alter
the expression of neighboring genes [34, 35], including0.5 Myr (about 10 million generations) for the origin of
the initial insertion. Given that this is a chromosomal the case of another Hsp70 gene, Hsp70Ba, whose ex-
pression seems to be reduced by the insertion of aregion with normal levels of recombination [20], that the
mutation rate does not seem to be reduced in this region jockey element segregating in a natural population [36].
It is thus possible that the presence of the S-element(see above), and that the effective population size for
D. melanogaster is over 1 million [33], we would expect insertions may affect the expression of their neighboring
Hsp70 genes in a way that has been beneficial for the
host. The regions around the S-element insertions in the
heat shock regions have been implicated in chromatin
Table 3. Genetic Distances and Their Standard Errors between organization [37], and it has been previously suggested
the Four S-element IRs
that their IR sequences have effects on this [12]. Studies
IR-1 IR-2 IR-3 IR-4 of the effects of removing the IR sequences on heat
shock gene expression could be used to test this possi-IR-1 6.5 9.2 9.1
IR-2 2.0 11.7 12.6 bility. In any case, this is the first description at the
IR-3 3.0 3.0 13.8 molecular level of TE insertions that have become fixed
IR-4 2.6 3.2 3.6 or reached a high frequency in a highly recombining
The genetic distances are shown above the diagnonal (%), and region of the genome of D. melanogaster. It constitutes
their standard errors are shown below the diagonal. Mean genetic the first case of an element sequence apparently being
distances (%) were calculated with the Kimura 2-parameter model actively used by the euchromatic genome of this
[28]. The standard errors are bootstrap estimates.
species.
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